We consider the system of a magnetic point dipole placed in an infinite square hole through a superconductor. Using the method of images we obtain the potential and the field distribution in the hollow. Using Lagrangian mechanics, we study the motion of the point dipole in the nonrelativistic regime. Relevant applications of this problem are discussed.
The so-called Meissner effect was discovered by Meissner and Ochsenfeld ' in 1933 and describes the diamagnetic behavior of a material in the superconducting state. When a superconductor is placed in a magnetic field. the magnetic flux in any holes in the superconductor will be confined. If a magnetic field source (say a point dipole) is placed inside a superconducting "void, " the confinement will cause the source (dipole) to move to an equilibrium position which corresponds to the minimum value of the free energy of the system. In this paper, we report on our investigations of a system consisting of a magnetic point dipole placed in an infinite square hole through a superconductor. Potential applications of this system will also be discussed.
Consider a magnetic point dipole with moment m located inside an infinite square hole through a superconductor at the coordinates (xo, y0, 0) as illustrated in Fig. 1(a) . For convenience, in the present work we consider the case of a dipole with its moment parallel to the z axis. The inclusion of the angular orientation of the dipole moment yields results which are fundamentally similar to those presented here and will be discussed in detail elsewhere. In order to facilitate explicit calculations, the cross section of the hole was chosen to be a square with edge 2 (units) and we consider the ideal case with A = 0 (A is the penetration depth), i.e. , the perfect diamagnetic model (or complete Meissner efFect).
The magnetic induction, B(x,y, z), will be given in terms of a scalar potential by the relation B(x,y, z) = -V'V(x, y, z). This total scalar potential, V(x, y, z), inside the hole satisfies 
where the distribution of image dipoles is described in Fig. 1(b) . The prime on the sum indicates that the n = l = 0 term is excluded in the induced potential (and in the magnetic induction and interaction energy given subsequently).
We have assumed that all the image dipoles are located in the same plane as the source dipole and choose z = 0. This is also appropriate for a dipole in motion subject to neglect of relativistic effects.
The total scalar potential is the sum of Eqs. (3) It can be seen that Eq. (6) has four singularity conditions of order 3 which correspond to the four walls of the square hole and occur for the values xo --+1+ and go = +1+. This means that the interaction energy goes to inanity at these surfaces. In order to visualize the behavior of the interaction energy over the entire extent of the hole, we plot Eq. (6) 
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The equilibrium position for the dipole (xp = 0, yp = 0) follows directly from Eqs. (6) and (7). The interaction energy can be expanded in terms of xo and yo under the I shows a minimum at the center of the square hole and diverges at the walls of the hole. The mathematical details of this function will be described below. The general shape of the interaction energy as illustrated in Fig. 2(a) illustrates that the equilibrium pos&tion for the dipole will be at the center of the hole. Physically, the confined motion of the point dipole in the hole can be characterized as one of two types: (i) harmonic oscillation when the amplitude of the displacement from the equilibrium position is small and (ii) anharmonic when the amplitude of the displacement from the equilibrium position is large. These two situations will be discussed in the next two sections, respectively.
(i) Horizontal oscillations. Horizontal oscillations, that is, oscillations in the x-y plane, can be considered by minimizing the interaction energy as given in Eq. (6) -(4"' -t') l1 -( -1) "j' n2+ t2 7/2 (io)
As shown in Fig. 2(b) , the data obtained directly from Eq. (7) These results may be applied to the study of the motion of electrically neutral particles which have magnetic moments inside a hole through a superconductor. When the size of the particle is much smaller than the spatial dimension of the hole, the chargeless particle may be modeled as a point dipole. The above results could be directly used to describe the horizonta/ motion of such particles in the hole.
The application of the above results may be extended by considering the horizontal motion of an electrically neutral particle with a magnetic dipole moment which is moving in the z direction inside the hole. Under nonrelativistic conditions, we may assume that the point dipole and all its images are in the same plane at any time.
As the dipole moves along the z direction, the hole will act as a converging lens, focusing the dipole towards the symmetry axis (0, 0, z).
This model has a possible practical application to the focusing of a neutron beam. To our knowledge, due to the chargeless nature of neutrons, there is no known suitable method of focusing the neutron beam from a reactor. Without such efFective focusing, the usual procedures for the preparation of a neutron beam from a reactor result in the loss of a large fraction of its intensity before its utilization for experiments. Generally speaking, the thermal neutrons from a reactor have a typical speed of 10 -10 m/sec. Thus, relativistic effects would not be a consideration and the calculations of the above model are applicable to the motion of neutrons. If a superconducting tube were constructed between the exit window of a neutron reactor and the experimental chamber, the intensity of the neutron beam could be largely maintained.
From Fig. 2 have reported experimental results which have been interpreted in terms of the diamagnetic properties of a superconductor as an efFective means of guiding the motion of electrons. The present work gives the theoretical basis by which this property of the interaction between moving electric charges and a superconductor may be extended to include the properties of the interaction between a magnetic dipole and a superconductor.
